Abstract-This paper presents a method employing the penalty function search algorithm to determine the LC compensator value for the optimal power factor correction in nonsinusoidal systems. The objective of the proposed method is to minimize the transmission loss while the power factor and efficiency are taken as constraints and utilized in order to solve the multiobjective optimization problem by transforming it into a single objective one. Examples show that the load nonlinearity can have a significant impact on optimal compensator sizes.
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I. INTRODUCTION
T HE increasing proliferation of electronic equipment and appliances connected to the power line represents an important, growing challenge to power providers and users alike. These nonlinear loads degrade power quality because they reduce the power factor and introduce harmonic current. The power factor is of great concern to the utilities because low power factor results in harmonic currents, which propagate through the system and produce potentially dangerous harmonic voltages. Amplification of harmonic currents and voltages can have detrimental effects on other elements of the system [1] . On the other hand, if a nonlinear load generates significant harmonic currents locally, tuned filters [2] , [3] may be installed to prevent the currents from being injected into the system. However, such filters are resorted only for heavily nonlinear loads because of the high cost. An important side effect of adding a filter is that it creates a sharp parallel resonance point at a frequency below the notch frequency [4] . This resonant frequency must be safely away from any significant harmonic. Filters are commonly tuned slightly lower than the harmonic to be filtered so as to provide a margin of safety in case of any change in system parameters. If they were tuned exactly to the harmonic, changes in either capacitance or inductance with temperature or failure might shift the parallel resonance into the harmonic. This might be worse than without a filter because the resonance is generally very sharp. That is why filters are added to the system starting with the lowest problem harmonic. For example, installing a seventh-harmonic filter usually requires a fifth-harmonic filter to be installed as well. The new parallel resonance with a seventh filter only would be very near the fifth, which is generally disastrous. In [5] , both the equivalent source and load are considered to generate harmonics. The different criteria for the design of the LC compensator: i) maximizing power factor, ii) minimizing transmission loss, and iii) maximizing transmission efficiency, are discussed. While discussing such criteria, the nonlinearity of the load by using direct polytope search method should be taken into account. In [6] , the manufacturer's standard values for power shunt capacitors are taken into consideration. These values are considered as constraints in the sense that the solution for the capacitor should be one of the standard values. The different criteria for the design of the LC compensator are discussed by using the golden section search method. Such criteria are discussed to compare the values obtained in [6] with real practical values in the market. Reference [7] formulates the problem of minimizing the transmission losses with expressions for the power factor and efficiency taken as constraints neglecting the harmonic contents of the nonlinear loads. Reference [8] shows the voltage and reactive power ratings of shunt capacitors. The inductive reactive values are almost continuous and there is little limitation on the manufacturer's values. This paper generalizes the method used in [7] , taking into account the nonlinearity of the loads, the frequency-dependent nature of the supply source, compensator values which would create resonant conditions, the effect of the transmission-line impedance on the load voltage, and the manufacturer's standard values for power shunt capacitors. The major attribute of this method is that it, unlike conventional approaches, guarantees convergence to the optimal solution. Finally, the contribution of the newly developed method is demonstrated in examples taken from previous publications.
II. HARMONIC MODELING
References [9] - [12] demonstrate the representation of the power system loads and extended networks. Nonlinear loads are commonly represented by ideal current source at their characteristic frequencies. Characteristic harmonic orders and the harmonic injection currents of a line-commutated converter, operating under ideal conditions, are [9] respectively, where is any integer number; is the pulse number of converter; and is the fundamental current.
This model is adequate where the voltage harmonic distortion is less than 10% [10] . The source is often represented by an impedance, found from the short-circuit test [11] . Linear loads are modeled as a resis-0885-8977/04$20.00 © 2004 IEEE tance in parallel with an inductance, selected to account for the respective active and reactive powers at the fundamental frequency.
Finally, the linear load is represented by admittance or impedance which is a function of the order of the applied voltage harmonic frequencies. The configuration of the employed system is given in Fig. 1 . In [12] , a new model for the distribution system, including nonlinear loads, is introduced. The model is based on measurements, where current and voltage measurements at two different operating conditions are used to derive an equivalent Norton model for the distribution system
To simplify the analysis, only the load model using the respective active and reactive powers at the fundamental frequency is considered while sizing compensators.
III. DERIVATION OF THE OBJECTIVE FUNCTION

Let
capacitive reactance of the compensator; inductive reactance of the compensator; compensator resistance at the fundamental frequency; , resistance and reactance of the source found from the short-circuit test at the fundamental frequency; , resistance and reactance of the load selected to account for the respective active and reactive powers at the fundamental frequency. Then The transmission loss is given as (5) The transmission efficiency is given as (6) IV. HARMONIC RESONANCE CONSTRAINT System resonant conditions are the most important factors affecting system harmonic levels. Parallel resonance is high impedance to the flow of harmonic current, while series resonance is low impedance to the flow of harmonic current [13] . In actual electrical systems utilizing power factor correction, both types of resonance or a combination of both may occur if the resonant point happens to be close to one of the frequencies generated by harmonic sources in the system.
For the system configuration given in Fig. 1 , the driving point impedance can be determined by the following equation:
Setting the imaginary part of this impedance equal to zero, series resonance, results in the following quadratic equation: (8) (9) which then represents only the series resonance, that represents all possible combinations of and values which result in resonance between the transmission impedance and compensated load. Under these conditions, the power factor will reach a minimum. It is evident that the number of series resonance lines will depend on the number of harmonics present in the transmission source.
V. SKIN EFFECT CONSTRAINT
Skin effect is an alternating current phenomenon where the current in a conductor tends to flow more densely near the outer surface of a conductor than in the center area. Skin effect will be applied in the analysis to account for the impact on the system impedance of the frequency dependence of the resistive component of the load. On utilizing voltages, such as industrial power systems, the equivalent system reactance is often dominant by the service transformer impedance [14] . For lines and cables, an estimated correction factor [15] for skin effect is applied by increasing the resistance with frequency by for lines (10) for cables (11) For transformers, an estimated correction factor [15] for skin effect is applied by increasing the resistance with frequency by . The exception to this rule is with some transformers. Because of stray eddy current losses, the apparent resistance of large transformers may vary almost proportionately with the frequency [16] . Finally, in most power systems, one can generally assume that the resistance does not change significantly when studying the effects of harmonics less than the ninth [14] .
VI. CAPACITOR LOADING CONSTRAINT
One problem that is to be addressed is whether the values obtained from theoretical optimization solution can be obtained from standard manufactured values. Depending on the voltage, manufacturers have discrete capacitors available. In the presented method, manufacturers standard values for shunt capacitor are taken into consideration. The standard values are considered as constraints in the sense that the capacitor chosen should be one of these values.
VII. PROPOSED SOLUTION OF THE PROBLEM
The power factor , the transmission loss , and the transmission efficiency can be expressed as functions of and using (4)- (6) . Each value of the reactive power ratings of the particular voltage [8] is used to calculate the corresponding value of . This value is then substituted into the objective function to become one variable equation in , which can be solved by using the penalty function method.
After formulating the objective function and the constraints, the problem addressed in this study becomes Minimize Subject to is not part of the solution of (8)
Naturally, the solution will satisfy the upper limit of the power factor and efficiency constraints. Power factor in distribution systems may be allowed within certain limits according to the authority, and similarly for the efficiency so the presented method will generalize the limits of the constraints. This problem can be rewritten in the form Minimize Subject to is not part of the solution of (8) (13) Note that in order to have the algorithm to guarantee convergence, the objective function has to be a unimodal function [17] . Due to the resonant conditions, there might be local minimums to which the solution will converge. To avoid this problem, the precalculated compensator values for series resonance will be used to subdivide the entire search region into numerous small regions. Within these regions, the local minimums are identified and, hence, the global minimum. Note that the square of the root mean square (rms) value of the line current at a given harmonic order is a unimodal (convex) function. Consequently, within these regions, the objective function is also convex function [18] . As a result, the convergence to an optimal solution is guaranteed.
VIII. SEARCH ALGORITHM
The suggested search algorithm is discussed below.
Step 1: Choose the first value of the standard manufactured reactive power rating of capacitors in kvar [8] (14) where is the number of discrete values available for the particular voltage rating used and has a starting value of 1.
Step 2: Using only the selected value of , calculate from the following equation: (15) Substitute the value of into (8) to become one variable problem in , and solve it to get the precalculated inductor values for series resonance. These values are used to subdivide the entire search region into small regions.
Step 3: Let penalty parameter , scalar , and . Starting with to solve the following problem:
For a certain value of , the golden search method [1] can be applied for obtaining the optimal . According to the penalty function method, the value of is updated using
Step 4: The previous step is repeated until convergence is achieved using
Step 5: If stop; otherwise, replace by and go to step 2.
Step 6: After stopping, scan through to get the global minimum.
Reference [19] shows that the starting penalty parameter value . Values of are in the range 0.1-0.5 work well for most problems. The algorithm will stop when a feasible point will be reached or when the relative change in the objective function is small (less than ). In the optimization process, the resistance of the compensator reactor has been neglected due to its small value with respect to its fundamental reactance (less than 5%) [20] .
IX. EXAMPLES AND SIMULATED RESULTS
Four cases of an industrial plant were simulated using the optimization method; the numerical data were primarily taken from an example in [13] where the inductive three-phase load is 5100 kW with a displacement factor (dPF) of 0.7165. The Table I . In this study, it is assumed that the load harmonics are not sufficiently serious to suggest tuned filters, but when combined with source harmonics, the use of a pure capacitive compensator would degrade the power factor and overload equipment. Consequently, an LC compensator is selected. Fig. 2 shows the improvement in choosing the value of duringthe search method and how it affectstheobjective function. [21] Fig . 3 shows the location of the global minimum point and the local minimum points, which are located in the subdivisions where the resonant conditions exist.
Comparison of the results: Table II shows that a lower shortcircuit capacity corresponds to a higher power factor at the same conditions. This is to be expected since with higher transmission impedance, less harmonic current will flow into the compensated load, cases 1 and 2. Also, it is shown that additional harmonic contents result in lower power factor. This is caused by the increase in compensated line current due to the additional harmonics, cases 3 and 4. Comparing these results with Table II for the same system data but with the load being linear, we realized a degraded power factor, a high line current, and, hence, an increase in transmission loss and a decrease in the transmission efficiency. Table III shows the required capacitive reactance, the power factor, the supply current, the efficiency, and the transmission loss for the same system data but with the load being linear.
Finally, in the IEEE Standard 519-1992 [13] , the objectives of the nonlinear load harmonic current limits are to limit the maximum individual harmonic voltage to 3% of the fundamental voltage and the total harmonic distortion of the voltage to 5%. Table IV shows the distortion levels and the displacement factor after compensation when taking harmonic components into account. The resultant values all come out well within standard limits except cases 3 and 4 where the load harmonics may be sufficiently serious to suggest tuned filters. It is shown that in all cases, the proposed method improves the performance of the system under study. The capacitor is subjected principally to four harmonics: the fifth, the seventh, the eleventh, and the thirteenth. This results in 3.40% fifth-harmonic current, 1.51% seventh-harmonic current, 0.18% eleventh-harmonic current, and 0.32% thirteenthharmonic current (Table V) . Table V summarizes capacitor evaluation for case 1 that is designed to help evaluate the various capacitor duties against the standards.
Finally, Table VI shows that the resultant values all come out well below standard limits.
XI. CONCLUSION
A mathematical model is developed and a solution method is presented for an optimal power factor correction of distribution circuits having nonlinear loads. The main contribution of this work is the introduction of nonlinear loads on the problem, and also the proposed solution method.
For nonlinear loads, it is suggested to use LC compensators. Such compensators have dual purposes. The first is that they act as compensators to improve the power factor of the nonlinear loads. Second, they act as filters of the harmonic load currents; thus preventing the proliferation of the network with these currents. It is shown that the LC compensator sizes can be quite different when nonlinear loads are present in a system when compared to those found by neglecting harmonic components.
Four cases are tested, and the general performance of the proposed method is satisfactory, providing transmission losses reduction, improvement of distortion levels, and power factor correction, compared with other published results.
